Abstract: MicroRNAs (miRNAs) are small, noncoding RNAs that negatively regulate gene expression. As miRNAs are involved in a wide range of biological processes and diseases, much effort has been invested in identifying their mRNA targets. Here we present a novel combinatorial approach, RIPchipSRM (RNA binding protein immunopurification + microarray + targeted protein quantification via selected reaction monitoring), to identify de novo highconfidence miRNA targets in the nematode Caenorhabditis elegans. We used differential RIP-chip analysis of miRNA induced silencing complexes from wildtype and miRNA mutant animals, followed by quantitative targeted proteomics via selected reaction monitoring to identify and validate mRNA targets of the C. elegans bantam homologue miR58. Comparison of total mRNA and protein abundance changes in mir58 mutant and wildtype animals indicated that the direct bantam/miR58 targets identified here are mainly regulated at the level of protein abundance, not mRNA stability. 
[Supplemental material is available for this article.]
MicroRNAs (miRNAs) belong to an evolutionarily conserved class of ;22-nt-long noncoding RNAs that negatively regulate gene expression and are involved in many biological processes and diseases (Bartel 2004; Jovanovic and Hengartner 2006; Stefani and Slack 2008; Croce 2009 ). Mature miRNAs form, together with a bound Argonaute family member and other proteins, a miRNAinduced silencing complex (miRISC), which the miRNA guides to target mRNAs via imperfect base-pairing (Filipowicz et al. 2008; Hutvagner and Simard 2008) . The molecular mechanism of action of animal miRNAs is still under debate. Whereas some reports proposed that miRNAs predominantly inhibit translation with only minor effects on the mRNA levels (Lee et al. 1993; Wightman et al. 1993) , other studies found a strong correlation between mRNA and protein abundance changes of primary miRNA targets, suggesting that miRNAs might repress gene expression mainly via mRNA degradation (Bagga et al. 2005; Baek et al. 2008; Hendrickson et al. 2009; Guo et al. 2010; Huntzinger and Izaurralde 2011) . This debate is paralleled by an equally intense debate regarding the best approach to identify direct miRNA targets.
Computational approaches have been used extensively to predict miRNA target genes. However, in order to decrease the false positive rate, most programs need to apply very stringent selection criteria, such as conservation of the target site among closely related species and the ''seed rule''-perfect or nearly perfect complementarity of the mRNA target site to the miRNA seed (nt 2-7 of the miRNA) (for review, see Bartel 2009 ). Because of these stringent restrictions, current prediction programs risk missing some true targets.
Much effort has also been invested in identifying miRNA targets experimentally, using quantitative transcriptomics and proteomics techniques. Global searches for miRNA-induced mRNA and/ or protein changes have yielded many new miRNA candidate targets. However, these methods cannot distinguish direct from indirect targets (Krützfeldt et al. 2005; Lim et al. 2005; Vinther et al. 2006; Baek et al. 2008; Selbach et al. 2008) . In principle, direct miRNA targets can be identified through coimmunopurification of miRISCs and their associated mRNAs (RIP, i.e., RNA binding protein [RBP] -immunopurification) and the subsequent identification of miRISC-associated mRNAs, either by microarrays (RIPchip) (Beitzinger et al. 2007; Easow et al. 2007; Karginov et al. 2007; Zhang et al. 2007; Hendrickson et al. 2008; Landthaler et al. 2008; Zhang et al. 2009 ) or direct mRNA sequencing (CLIP-seq) (Chi et al. 2009; Hafner et al. 2010; Zisoulis et al. 2010 ). Although such RIPchip and CLIP-seq studies clearly showed the successful enrichment for bona fide miRNA targets, it has been difficult to determine the biological relevance of the identified targets, as these approaches do not measure the effect of miRISC association on gene expression. To address this issue, Brown and colleagues recently combined RIP-chip and ribosomal density profiling to simultaneously measure mRNA and their respective ribosome density and occupancy (as a proxy to protein abundance) changes following miRNA overexpression (Hendrickson et al. 2009 ).
Here, we present an alternative combinatorial approach, RIPchip-SRM (RBP-immunopurification + microarray + targeted protein quantification via selected reaction monitoring), to identify and validate miRNA targets. We applied this novel method to identify and characterize high-confidence mRNA targets of the C.
elegans bantam homolog miR-58. First, in a discovery step, we performed a differential RIP-chip analysis of miRISCs isolated from wild-type and miRNA deletion mutant animals to identify, de novo, a population of potential direct miRNA targets. Second, in a validation step, we used quantitative targeted proteomics via selected reaction monitoring (Lange et al. 2008a,b; Picotti et al. 2008 Picotti et al. , 2009 Picotti et al. , 2010 Jovanovic et al. 2010) to directly compare the abundance in wild-type and miRNA mutant animals of the protein products of the candidate transcripts identified in the discovery step. The combined RIP-chip-SRM approach efficiently separated direct from indirect targets, highlighting the importance of independent experimental validation strategies downstream from a RIP-chip assay. Interestingly, the comparison of total mRNA changes to the protein changes upon bantam/mir-58 deletion indicated that the direct targets identified by our RIP-chip-SRM method are mainly regulated at the level of protein abundance, not by mRNA stability.
Results
TAP::ALG-1 RIP-chip in C. elegans enriches for bona fide miRNA targets
To discover new miRNA targets, we generated a C. elegans transgenic line expressing a functional, N-terminally tandem affinity purification (TAP)-tagged ALG-1 protein (TAP::ALG-1 strain) (see Methods for details). We next purified TAP::ALG-1 complexes from mixed-stage TAP::ALG-1 transgenic and wild-type animals (serving as a mock control) and hybridized the associated mRNAs to twocolor microarrays (Supplemental Table S1 ). We observed a significant enrichment for ;4000 out of a total of 15,000 detected mRNA species in pull-downs from TAP::ALG-1-expressing animals compared to mock pull-downs from the wild-type control animals (P-value < 0.05, two-sample Student's t-test, equal variances, FDR < 6.5%) ( :ALG-1-associated mRNAs. The log 2 ratio profiles of the 4071 oligo probes (representing 3750 gene models, out of a total of 15,322 oligo probes, representing 12,890 gene models, detected) that were significantly changed (P-value < 0.05, two-sample t-test) in the TAP::ALG-1 RIP compared to the mock RIP are shown. Log 2 ratios (RIP mRNA/total mRNA) were calculated for each measured oligo probe and normalized to the corresponding mock average log 2 ratio for better visualization. A total of 99.7% of all features are enriched in the TAP::ALG-1 RIP. Three independent biological replicates were analyzed. Genotypes used: TAP::ALG1: alg-1(tm492); opIs205, wild type: N2 (= mock control). (B) The set of 3750 TAP::ALG-1-associated mRNAs identified here overlaps strongly (P-value < 3 3 10
À59
; hypergeometric distribution) with a previously published set of ALG-1-associated mRNAs identified by Clip-seq (Zisoulis et al. 2010) . Only Clip-seq mRNAs that had also been detected on our microarrays (2560 out of 3093) were included in the analysis. The total number of expressed genes (12,890) on our microarray was used for the statistical analysis. (C ) TAP::ALG-1 RIP enriches for mRNAs with seed binding sites for abundant miRNAs. miRNA seeds were arranged in groups of five based on their miRNA microarray expression values (see Supplemental Table S4 ). TOP1 includes the five most highly expressed miRNA seeds (including bantam/miR-58), TOP2 includes the next five most highly expressed seeds, etc. The CTL1, CTL2, and CTL3 groups each contained five miRNA seeds that were below the detection limit on the miRNA microarray (all seed groups are listed in Supplemental Table S13 ). Relative seed binding site enrichment in the 39 UTRs of TAP::ALG-1-associated mRNAs compared to nonassociated mRNAs was determined for each group as described in Methods. Two different P-values and three different signal-to-noise ratio (SNR) cutoffs were applied to define the TAP::ALG-1 associated mRNAs.
Three lines of evidence support the contention that this set of Argonaute-associated mRNAs is enriched in miRNA targets. First, the set was significantly enriched in known C. elegans miRNA targets (P-value < 0.0013, hypergeometric distribution) (Table 1 ; Grosshans et al. 2005; Lall et al. 2006; Papadopoulos et al. 2009; Xiao et al. 2009 ). Second, the discovered set overlapped significantly with a set of 3093 ALG-1-associated mRNA species that were identified recently via HITS-CLIP by the Pasquinelli and Yeo groups (Zisoulis et al. 2010 ) (42% overlap, P-value < 3 3 10 À59 , hypergeometric distribution) ( Fig. 1B ; Supplemental Table S3) , even though different developmental stages were used in the two studies (mixed stage vs. stage L4 larvae). Third, we measured the abundance of miRNAs in our samples (Supplemental Fig. S1 ; Supplemental Table S4 ) and used this information to test for the enrichment of miRNA seed binding sites in the 39 UTRs of the Argonaute-associated mRNAs (see Methods for details; Landthaler et al. 2008) . We found that the set of Argonaute-associated mRNAs was significantly enriched for binding sites for the most abundant miRNA seeds. The degree of enrichment increased with increasing stringency in mRNA target selection (lower P-value cutoff and higher signal-to-noise ratio [SNR] cutoff) ( Fig. 1C ; Supplemental  Fig. S2 ). At the most stringent cutoff (P-value < 0.01, FDR < 5%, SNR > 3), there was a 1.7-fold enrichment of miRNA binding sites in the 458 mRNA species left, compared to all other expressed mRNA species. This level of enrichment for seed binding motifs for a similar number of target genes was previously reported in human HEK293 cell lines (1.5-fold enrichment of seed binding motifs for the top 600 enriched mRNAs) (Landthaler et al. 2008 ).
Identification of the target mRNAs of C. elegans bantam/miR-58
To determine whether RIP-chip can also be used to identify the targets of a specific miRNA, we decided to investigate the targets of miR-58, the C. elegans homolog of Drosophila bantam (AlvarezSaavedra and Horvitz 2010; Wu et al. 2010) . Bantam/miR-58 is one of the most highly expressed miRNAs in C. elegans (Kato et al. 2009; Supplemental Fig. S1 ; Supplemental Table S4 ) and part of a miRNA family containing four additional members with very similar seed sequences (miR-80, miR-81, miR-82, and the recently discovered miR-1834) (Alvarez-Saavedra and Horvitz 2010). Bantam/miR-58 is, by far, the most highly expressed family member, contributing over 90% of the total expression of the whole family (Kato et al. 2009 ). Interestingly, while single deletion mutants within this family (including mir-58) have no obvious phenotype, mutant animals in which the whole family has been knocked out show multiple defects, including reduced body size, defective dauer formation, and sluggish movement (Alvarez-Saavedra and Horvitz 2010).
We crossed the TAP::ALG-1 transgene into the mir-58(n4640) mutant background to generate the strain WS5041 (see Methods). For simplicity, we will, hereafter, term the TAP::ALG-1 transgenic animals as ''wild type'' and the transgenic WS5041 animals as ''mir-58.'' We compared the mRNA population that coimmunopurified with TAP::ALG-1 from synchronized L4 stage ''wild-type'' animals with that from synchronized L4 stage ''mir-58'' mutant animals by one-color Affymetrix gene arrays (Supplemental Table S5 ). Bantam/miR-58 target mRNAs should be specifically underrepresented in the latter samples. Analysis of our data showed that, while the immunopurified mRNA species isolated from ''wildtype'' and ''mir-58'' animals were globally very similar (R 2 = 0.99, Pearson square correlation) ( Fig. 2A) , there was a highly significant bias among genes containing potential bantam/miR-58 seed binding sites (7-mers, one mismatch allowed) to be depleted (log 2 RIP ''mir-58''/''wild-type'' < 0) in the ''mir-58'' RIPs (P-value = 6.3 3 10 À8 , hypergeometric distribution) ( Fig. 2A) . Potential targets were also significantly overrepresented (P-value = 0.031, hypergeometric distribution) (Fig. 2B) in the group of genes that were significantly depleted in the ''mir-58'' RIPs (FDR < 5%, paired significance analysis of microarrays [SAM]) (Tusher et al. 2001) , as expected for potential bantam/miR-58 target genes. The above conclusions are also valid if only perfect 7-mer bantam/miR-58 seed binding sites are considered (Fig. 2) .
Validation of candidates via targeted proteomics
Secondary effects caused by depletion of a highly expressed miRNA and experimental errors due to small differences between the ''wild-type'' and ''mir-58'' pull-down could impinge on target selection and fidelity. In order to identify high-confidence targets, we performed targeted protein quantification of as many of the candidate targets as possible as an additional experimental validation step. Bona fide targets would be expected to have increased protein levels in ''mir-58'' mutant animals when compared to ''wild-type'' animals.
Targeted proteomics by SRM has been established as a method for reliable protein quantification of candidate genes. By limiting the measurements to the proteins of interest, a dramatic increase in sensitivity and reproducibility can be achieved when compared to conventional shotgun proteomics approaches (Lange et al. 2008b; Picotti et al. 2009 ). We recently showed the suitability of SRM to validate several hundred predicted miRNA target genes by exact protein quantifications (Jovanovic et al. 2010) , establishing SRM as a robust method to test our RIP-chip candidates. We selected the 118 highest-confidence RIP-chip candidates (FDR < 6% or FDR < 10% plus being predicted to be a bantam/miR-58 target [Lewis et al. 2005 ; (Grosshans et al. 2005; Lall et al. 2006; Papadopoulos et al. 2009; Xiao et al. 2009 ), their CGC identifier (if applicable), the miRNAs regulating the target genes, the corresponding P-values for these known miRNA target mRNAs (if several oligo probes per mRNA species were present, the oligo probe with the lowest P-value is listed), and the average log 2 ratios (average TAP::ALG-1 transgenic/average wild type [Mock] ). The known targets are significantly enriched among the TAP::ALG-1-associated mRNAs (P-value < 0.0013, hypergeometric distribution). (NA) No corresponding oligo probe for this mRNA species was present on the microarray.
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In a previous work, we used SRM to measure protein abundance changes in a group of 27 genes predicted by TargetScan (Lewis et al. 2005; Ruby et al. 2006) to be bantam/miR-58 targets based on the presence of conserved seed binding sites in their 39 UTR and a control group of 22 randomly chosen proteins (Supplemental Table S7 ; Jovanovic et al. 2010) . Whereas the 22 randomly chosen proteins showed only minor differences between ''wild-type'' and ''mir-58'' animals ( Fig.  3A ; Jovanovic et al. 2010) , the 27 quantified TargetScan-predicted bantam/miR-58 targets were, as a group, significantly up-regulated in ''mir-58'' mutants compared to the random group (P-value < 10
À3
, Kolmogorov-Smirnov [KS] test) ( Fig. 3A ; Jovanovic et al. 2010) , confirming that predictions based on conserved seed binding sites in 39 UTRs successfully enrich for bona fide bantam/miR-58 targets.
Surprisingly, the RIP-chip set contained not only a group of proteins that was substantially up-regulated in ''mir-58'' mutants (as expected for bantam/ miR-58 targets) but also a group of proteins that showed a strong decrease in ''mir-58'' mutants when compared to the random group of proteins (P-value < 3 3 10
À6
, F-test) (see Methods for details; Fig.  3A ). One possible explanation for this surprising result could be that the loss of bantam/miR-58 function induces secondary gene expression changes, such that some genes are generally expressed at lower levels in ''mir-58'' mutants. mRNAs from such genes would, if they are bound by the miRISCs, be picked up as false-positives, as their miRISC association would be strongly diminished in ''mir-58'' RIP-chips. However, such a change in total mRNA levels due to secondary effects should be clearly detectable if we compare the total mRNA levels between ''wildtype'' and ''mir-58'' animals. It should also be noted that such strong secondary mRNA abundance changes have been reported previously by Krützfeldt et al. (2005) who observed an equally strong up-regulation (potential direct targets) and down-regulation (secondary changes) of mRNAs following miRNA knockdown.
RIP-chip-SRM efficiently separates direct from indirect targets
To test this hypothesis, we compared the total mRNA levels between ''mir-58'' and ''wild-type'' animals with DNA microarrays (Supplemental Table S8 ). To relate changes in mRNA and protein levels, we further focused on those transcripts for which protein measurements by SRM were available ( Fig. 3B ; Supplemental Table S9 ). Transcript abundance changes for the TargetScan group were not statistically different from the random control group (P-value = 0.19, KS test) (Fig. 3B) .
In contrast, a large fraction of the RIP-chip group of mRNAs was visibly less abundant in ''mir-58'' mutant animals, although still not significantly different from the random control group (P-value = 0.094, KS test) (Fig. 3B ). However, comparing separately the mRNA changes of RIP-chip candidates whose protein levels were up-regulated (log 2 protein mir-58/wt > 0) and whose protein Potential bantam/miR-58 targets are indicated in red (perfect 7-mer binding site in the 39 UTR) and light blue (7-mer, one mismatch allowed). These potential bantam/miR-58 target genes were significantly overrepresented among the genes depleted in the ''mir-58'' RIPs, as expected for potential bantam/miR-58 targets. (B) Genes containing potential bantam/miR-58 binding sites were overrepresented among genes that were significantly depleted in the ''mir-58'' RIPs (FDR < 5%, SAM), as expected for potential bantam/miR-58 target genes. In contrast, no such overrepresentation could be detected for genes that were significantly enriched in the ''mir-58'' RIPs (FDR < 5%, SAM). P-values were determined by hypergeometric distribution. levels were down-regulated (log 2 protein mir-58/wt < 0) to the random control group, we saw a highly significant mRNA abundance change for the group of down-regulated RIP-chip candidates (P-value = 0.004, KS test) (Supplemental Fig. S3 ) but not for the up-regulated RIP-chip candidates (P-value = 0.726, KS test) (Supplemental Fig. S3 ). This strongly suggests that the reduction in mRNA levels was responsible for the reduced protein abundances that we previously observed by SRM, which was further supported when we plotted the observed mRNA and protein abundance changes for each analyzed gene. We, indeed, observed a fair and a highly significant correlation between mRNA and protein abundance changes for genes whose protein levels were decreased in ''mir-58'' mutants (R = 0.62, P-value = 0.0105, Pearson correlation) (Fig. 3C ). In contrast, there was no correlation between mRNA and protein abundance changes among the candidates that were up-regulated in the ''mir-58'' mutants (R = 0.14, P-value = 0.511, Pearson correlation) (Fig. 3C) .
Taken together, these results support the hypothesis that most, if not all, of the candidates which show reduced protein abundance in ''mir-58'' mutant animals are likely to be indirect targets of bantam/miR-58 and emphasize the importance of an independent validation strategy, like SRM, to separate direct from indirect hits.
Bantam/miR-58 targets identified by RIP-chip-SRM are mainly translationally regulated
Previous studies have suggested that miRNAs interfere with gene expression at multiple levels, including inhibition of translation and mRNA degradation (for review, see Filipowicz et al. 2008; Carthew and Sontheimer 2009; Huntzinger and Izaurralde 2011) . To determine the relative contribution of these two modes of action, we compared the relative protein and mRNA abundance changes (''mir-58''/''wild type''). For both RIP-chip candidates and computationally predicted targets, the protein abundance changes were larger than the respective mRNA changes (Fig. 3D) . Interestingly, if the indirect targets (log 2 protein mir-58/wt < 0) identified above are removed from the RIP-chip set and only the direct targets (log 2 protein mir-58/wt > 0) are considered, then the protein mir-58/wt /mRNA mir-58/wt ratio is even higher (mean protein mir-58/wt / mRNA mir-58/wt = 1.35-fold) and highly significantly different com- (C ) Log-log plot of the protein (x-axis) and mRNA (y-axis) changes shown in A and B for the RIP-chip group. The RIP-chip candidates were subdivided into ''RIP-chip (Protein up)'' (log 2 protein mir-58/wt > 0; dark blue triangles) and ''RIP-chip (Protein down)'' (log 2 protein mir-58/wt < 0; light blue circles) groups, based on whether their protein levels were elevated or reduced in ''mir-58'' mutants. The circled data points represent the general correlation trend of the majority of data points within both groups. (D) Comparison of the extent of change in abundance at the protein and mRNA levels (protein mir-58/wt /mRNA mir-58/wt ) are depicted as box plots. The box plot marked with ''*'' differs significantly (P-value = 0.009, Kolmogorov-Smirnov test) from the random gene group. The RIP-chip candidates are also shown subdivided into the ''RIP-chip (Protein [)'' (log 2 protein mir-58/wt > 0) and ''RIP-chip (Protein Y)'' (log 2 protein mir-58/wt < 0) groups. The bottom and the top of the boxes are the 25th and 75th percentile, respectively, while the whiskers represent the ninth and 91st percentile. The band within the box depicts the 50th percentile (median) and the ''+'' the mean value.
pared to the random group (P-value = 0.009, KS test) (Fig. 3D) . In contrast, the indirect targets themselves show a good overall correlation between protein and mRNA changes (mean protein mir-58/wt /mRNA mir-58/wt = 0.96).
Taken together, these results suggest that our original RIPchip set consists of two distinct subgroups: indirect effect targets, whose reduced miRISC association in ''mir-58'' mutants stems from a reduction in their total mRNA abundance and which show a good correlation between mRNA and protein abundance changes (protein mir-58/wt = 0.73; mRNA mir-58/wt = 0.76), and candidate direct bantam/miR-58 targets, which show no change at the mRNA level but a significant increase at the protein level in ''mir-58'' mutants (protein mir-58/wt = 1.28; mRNA mir-58/wt = 0.95). This change in protein abundance without a corresponding change in mRNA abundance is consistent with the hypothesis that this set of candidate bantam/miR-58 targets is primarily regulated at the translational level. We obtained similar results with the set of computationally predicted bantam/miR-58 targets. In this group, we did, however, observe a weak but not statistically significant increase in mRNA abundance (Fig. 3B) , contributing, on average, <50% to the gene expression changes. Therefore, the set of computationally predicted targets, although primarily regulated at the translational level, might also be controlled in part via mRNA degradation.
Targets identified by RIP-chip-SRM are enriched in evolutionarily conserved bantam/miR-58 seed binding sites
To independently confirm that the up-regulated RIP-chip-SRM candidates are, indeed, enriched in direct bantam/miR-58 targets, we asked whether the mRNAs for these targets contain possible bantam/miR-58 binding sites. We found that predicted bantam/ miR-58 seed binding sites (7-mers, one mismatch allowed) were highly enriched in the 39 UTRs of up-regulated (log 2 protein mir-58/wt > 0) RIP-chip-SRM mRNAs compared to the control mRNAs (P-value [seed binding site frequency] = 1.13 3 10
À6
, hypergeometric distribution) and present almost as frequently as in the group predicted by TargetScan ( Fig. 4A,B ; Supplemental Table S10 ). In contrast, the down-regulated (log 2 protein mir-58/wt < 0) RIP-chip-SRM candidates have a bantam/miR-58 seed site density similar to those of the random control group (see Fig. 4 ). The enrichment in bantam/miR-58 seed binding sites was also present if only perfect 7-mer sites were considered ( Fig. 4C,D ; Supplemental Table S10) .
Importantly, bioinformatic analysis revealed a similar increase in seed binding site presence and frequency in the Caenorhabditis briggsae homologs of the up-regulated RIP-chip-SRM candidates (as compared to the control or down-regulated RIP-chip-SRM candidates) ( Fig. 4A-D ; Supplemental Table S11), suggesting an evolutionary pressure to maintain these sequences in the 39 UTRs of the up-regulated RIP-chip-SRM genes.
Taken together, our results indicate that our RIP-chip-SRM approach efficiently identifies a subset of bona fide bantam/miR-58 targets, which are enriched in evolutionarily conserved bantam/ miR-58 binding sites and regulated mainly at the translational level.
Discussion
We present here a novel approach, RIP-chip-SRM, to efficiently identify de novo high-confidence miRNA targets in C. elegans. RIP-chip-SRM combines two independent methods-RIP-chip of the miRISC for de novo discovery of potential primary miRNA targets, and a subsequent quantitative targeted proteomics analysis of the impact of miRNA depletion on the protein level of the potential miRNA targets. Our combinatorial approach readily separated direct from indirect targets, confirming the value of independent experimental validation strategies downstream from a RIP-chip assay. Moreover, SRM is able to capture even small protein changes (<1.25 fold) that cannot be measured reliably by immunoblotting or transgenic reporter lines (Jovanovic et al. 2010) .
For all its value, our RIP-chip-SRM strategy also has some limitations. First, candidate miRNA targets can only be identified if they show a differential association with the miRISC between control and experimental conditions. This might become challenging with low-abundance or redundant miRNAs. This limitation can, at least, be partially alleviated through improved RISC-RIP approaches, such as those described recently in mammalian cell lines and C. elegans, where the RISC was cross-linked to its associated mRNA and the bound fragments were identified by high-throughput sequencing (CLIP-seq) (Chi et al. 2009; Hafner et al. 2010; Zisoulis et al. 2010) . Recently, even in vivo photoactivatable ribonucleoside-enhanced CLIP (iPAR-CLIP) has been successfully applied to map the RNA binding sites of a C. elegans RBP (Jungkamp et al. 2011) . Besides providing better resolution of the actual miRNA binding site, such protocols can be considered more sensitive and selective. Alternatively, overexpression (rather than depletion) of a specific miRNA could be used (Karginov et al. 2007; Hendrickson et al. 2008) ; however, such an approach might introduce experimental artifacts due to the ectopic expression of the miRNA.
A second technical limitation of our combined RIP-chip-SRM approach is that we could only quantify the protein levels of ;40% of the candidates identified by RIP-chip. However, it must be considered that we quantified the protein levels in very complex, unfractionated samples generated from whole animal extracts. A reduction of sample complexity, e.g., fractionating peptides of a tryptic C. elegans digest by isoelectric focusing (Schrimpf et al. 2009 ), could potentially further boost the sensitivity of the targeted proteomics protocol by another order of magnitude, as has been reported in yeast (Picotti et al. 2009 ).
We compared in our study changes in protein and mRNA abundance in miRNA mutants in two distinct sets of potential miRNA targets: computationally predicted targets, selected based on the presence of an evolutionarily conserved perfect seed binding site (using TargetScan), and experimentally defined targets, identified through differential miRISC association. These two sets overlapped only to a limited extent (Fig. 3A) . We believe that both sets are enriched in bona fide bantam/miR-58 targets, as both showed substantial protein abundance increases in ''mir-58'' mutants (Fig. 3A) . Then why such a limited overlap? The low number of RIP-chip candidates in the TargetScan set is due to the fact that most of these mRNAs contain imperfect, rather than perfect, seed binding sites and thus would not have been selected by TargetScan (Fig. 4) . Conversely, since we could show that many computationally predicted bantam/miR-58 targets are expressed and upregulated in ''mir-58'' mutants, we conclude that the differential RIP-chip protocol used in this study only identified a fraction of all the C. elegans bantam/miR-58 targets. While technical improvements (see above) are likely to increase the yield of recovery, we conclude that, at least at the present time, computational prediction and experimental isolation are useful complementary approaches to identify miRNA targets.
Do the RIP-chip-SRM identified bantam/miR-58 targets give us any idea about the biological function of bantam/miR-58? Upregulated RIP-chip-SRM candidates are enriched in terms such as ''embryonic development,'' ''negative regulation of development,'' ''locomotion,'' ''metabolic processes,'' and ''multicellular organismal development'' (Supplemental Table S12 ). Although it is not possible to assign specific biological functions to those general terms, they correlate well with the defects observed in the miR-58 family knockout, which, unlike the phenotypically wild-type mir-58 single mutant, does show defects such as reduced body size, defective dauer formation, and sluggish movement (AlvarezSaavedra and Horvitz 2010). It is tempting to speculate that some of the bantam/miR-58 targets identified here are altered even more strongly in the family mutants and possibly responsible for the observed defects.
The experiments presented here not only allowed us to identify a set of high-confidence bantam/miR-58 targets but also provided some insight into the mechanism of miRNA regulation. For example, we found that protein abundance changes of bantam/miR-58 targets were generally substantially stronger than the corresponding mRNA changes (Fig. 3D ). This effect was particularly strong for the RIP-chip-SRM-selected targets, as we detected no overall change in mRNA levels (Fig. 3B,C) . These results suggest that the bantam/miR-58 targets analyzed in our study are regulated mainly at the translational level.
Our conclusion stands in contrast to that reached by a number of recent large-scale studies, which found a good correlation between protein and mRNA abundance changes following miRNA misexpression in mammalian cell lines, and thus concluded that miRNAs control their targets mainly through the regulation of mRNA stability (Baek et al. 2008; Hendrickson et al. 2009; Guo et al. 2010) .
How can we explain this discrepancy? One possibility is that these studies focused on different subsets of miRNA targets. For example, our RIP-chip approach positively selects for stable mRNA targets, as strong target mRNA degradation would certainly diminish the recovery of the corresponding mRNA by RIP. We might, thus, have missed many bantam/miR-58 targets that are, in fact, regulated at the mRNA stability level. Conversely, most of the previous studies only analyzed target mRNAs that contain a perfect target seed binding site within their 39 UTR (Baek et al. 2008; Guo et al. 2010) . Interestingly, mRNAs with perfect bantam/miR-58 target seed binding sites, in fact, did show a slight abundance increase in our study, although smaller than measured for the protein levels (Fig.  3) . It is, thus, possible to postulate that the extent of miRNA/target base-pairing might partially affect the fate of the bound mRNA.
The observed difference might also be of a technical nature. For example, a recent in vitro study in C. elegans by Wu et al. (2010) found that in extracts derived from embryos, miRNAs caused fast deadenylation of their respective target mRNAs, but the deadenylated target mRNAs were highly stable. Deadenylation of miRNA target mRNAs has also been reported in several other organisms (Filipowicz et al. 2008) . As the large-scale studies mentioned above, which found that mRNA degradation explains most of the protein changes (Baek et al. 2008; Hendrickson et al. 2009; Guo et al. 2010) , used only oligo(dT) primers to generate either the cDNA or Figure 3A (bantam/miR-58 targets identified by RIP-chip, targets predicted by TargetScan, and random control group) were tested for the presence (A,C) and frequency (B,D) of imperfect (one mismatch allowed, A,B) and perfect (C,D) bantam/miR-58 7-mer seed binding sites in their 39 UTRs and the predicted 39 UTRs of their corresponding C. briggsae homologs. The RIP-chip candidates are shown subdivided into the ''RIP-chip (Protein [)'' (log 2 protein mir-58/wt > 0) and ''RIP-chip (Protein Y)'' (log 2 protein mir-58/wt < 0) groups (as in Fig. 3C ). P-values for the presence of bantam/miR-58 seed binding sites (A,C) were determined by a Fisher's exact test (one-sided, with the random group as the null hypothesis). P-values for the frequency of bantam/miR-58 seed binding sites (B,D) were determined by hypergeomtric distribution (using the frequency of binding sites in the whole 39 UTR-ome as the null hypothesis). (*) P < 0.05, (**) P < 0.01, (***) P < 0.001.
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Genome Research 7 www.genome.org amplify the RNA, these studies might have underestimated the abundance of deadenylated but stable mRNAs. In contrast, we used a combination of oligo(dT) and random nonamer primers for our study and thus would have amplified both polyA+ and polyAmRNAs with similar efficiencies. Our observation of no overall change in mRNA levels is, thus, consistent with the results from Wu et al. (2010) . Other technical issues, such as the limited dynamic range of microarrays, can be excluded, as both the bona fide bantam/miR-58 targets (whose mRNA expression did not change) and the indirect targets (which showed a good correlation between mRNA and protein change) were of similar abundance and in the middle of the dynamic range of the chips used (see Methods).
Finally, the difference might also have a biological basis. We used both a different species (C. elegans vs. mammals) and different starting material (whole animal vs. cell lines) for our study. It is possible that different modes of target regulation are used in different species, tissues, or growth conditions.
The main asset of our study is that we combined RIP-chipbased de novo target identification with targeted proteomics to validate these potential targets. The use of two orthogonal methodologies and selection criteria-only candidates that showed reduced mRNA abundance in the ''mir-58'' miRISCs but an overall increase in protein abundance were considered to be true targetsallowed for a robust pipeline. This robustness comes, of course, with a price in lost sensitivity, and we certainly missed some true targets, considering the noise and imperfection of large-scale methods. A solution to this dilemma might be to move from two to several, or even many, independent methodologies (e.g., prediction algorithms, mRNA profiling, RIP assays, proteomics assays, etc.) (for review, see Ørom and Lund 2010) , in order to allow a move from strict AND gates to correlation-based selection. Machine learning and Bayesian networks would be well-suited for such an integrative approach, as was recently shown for the identification of Nova targets (Zhang et al. 2010 ). Implementing such an integrative approach for miRNA target identification has the potential to keep false-positive hits low despite a very high sensitivity, and this without the need for new technology. Here, we showed that at least two large-scale approaches can be easily coupled. We are confident that the further integration of additional, currently available approaches, in combination with appropriate bioinformatics, will lead to a much improved target discovery process than has been possible so far.
Methods

Mutations and strains
Methods for culturing C. elegans strains have been described previously (Brenner 1974) . All strains were grown at 20°C or 25°C. All mutants used in this study were derived from the wild-type variety Bristol strain N2. The following mutations and transgenes were used: LGIII: unc-119(ed3), LGIV: mir-58(n4640), LGX: alg-1(tm492), Transgene: opIs205(P eft-3 ::TAPtag::alg-1[genomics+39 UTR]; unc-119[+]). unc-119(ed3) is described in Riddle et al. (1997) and mir-58(n4640) in Miska et al. (2007) . The alg-1(tm492) mutant was obtained from the laboratory of Dr. S. Mitani at Tokyo Women's Medical University Hospital and out-crossed four times. The 610-bp deletion was confirmed by PCR amplification.
Plasmid constructs and generation of transgenic animals
The coding sequence for the N-terminal tandem affinity purification (TAP)-tag was amplified from plasmid pBS1761 (Rigaut et al. 1999 ) by PCR. The alg-1 genomic sequence was amplified from genomic C. elegans DNA by PCR. The sequences were tagged with the following restriction sites: 59AscI:TAP-tag:39FseI; 59FseI:alg-1 (genomic+39 UTR):39PacI. The tagged fragments were subcloned into the pCR2.1 TOPO vector (Invitrogen). Both constructs were then inserted into pLN022 (Neukomm et al. 2011) to generate the final expression vector pMJ001, where TAP::ALG-1 expression is under the control of the ubiquitous eft-3 promoter. Low-copy transgenic animals were generated by bombardment as previously described (Praitis et al. 2001) . The protocol was adapted as follows: unc-119(ed3) mutant worms were grown in liquid culture. pMJ001 was precipitated onto gold beads and shot at unc-119(ed3) mutant worms using a Biolistic PDS-1000 bombardment apparatus (Bio-Rad). Bombarded worms were distributed onto large seeded plates and left to starve. Starved worms were chunked onto fresh seeded plates and screened for unc-119(+) transgenic animals. Rescued worms that expressed TAP::ALG-1 were kept and analyzed. All further experiments were done with the integrant opIs205(P eft-3 ::TAPtag::alg-1[genomics+39 UTR]; unc-119[+]).
The transgenic line carrying opIs205 was crossed into alg-1(tm492) mutant animals to generate the strain WS4303 (alg-1(tm492); opIs205). The opIs205 transgene successfully rescued the reduced brood size of homozygous alg-1(tm492) mutant animals, proving the functionality of our transgene (data not shown).
WS4303 was also crossed into mir-58(n4640) animals to generate the strain WS5041 (mir-58(n4640); alg-1(tm492); opIs205). All experiments were performed with N2 wild-type animals and/or WS4303 transgenic animals and/or WS5041 transgenic animals.
Sample generation
Transgenic animals and control animals were always grown in parallel in either liquid culture or on plates for each biological replicate. For the generation of a large population of mixed-stage animals, the worms were grown in liquid culture at 20°C as described previously (Stiernagle 2006) . Only N2 and WS4303 strains were used to generate samples derived from mixed-stage populations. For synchronized late L4 stage cultures of transgenic animals, eggs were isolated by bleaching (Stiernagle 2006) . The purified eggs were allowed to hatch overnight on large unseeded NGM plates. Synchronized L1 larvae were then spotted onto large NGM plates seeded with OP50 and grown at 25°C until late L4 stage (36 h). Only the two transgenic lines, WS4303 and WS5041, were used to generate samples derived from synchronized late L4 animals.
RNA immunopurification of TAP::ALG-1 and associated RNAs
RNA immunopurifications (RIPs) have been described previously (Gerber et al. 2004) . We have adapted the protocol accordingly. In brief, after harvesting, worms were separated from the bacteria by several washes in ice-cold buffer A (20 mM Tris-HCl [pH 8.0], 140 mM KCl, 1.8 mM MgCl 2 , 0.1% Nonidet P-40 (NP-40), 0.1 mg/mL heparin) and frozen in liquid nitrogen and stored at À80°C until further use. One mL of frozen worm pellet was resuspended in 5 mL buffer B (buffer A plus 1.5 mM dithiothreitol [DTT] , 1 mM phenylmethylsulfonylfluoride, 0.5 mg/mL leupeptin, 0.8 mg/mL pepstatin, 20 U/mL DNase I, 100 U/mL RNaseOUT [Invitrogen], and 0.2 mg/mL heparin). The resuspended worms were drop-wise refrozen in liquid nitrogen and homogenized by a TissueLyser instrument (Qiagen) by four cycles of 4 min each with a setting of 30 Hz; the metal chars (50 mL) containing the samples were always refrozen in liquid nitrogen between the cycles. The worm lysates were clarified by sequential centrifugation steps, and the purified extracts were incubated on a rotor with 400 ml slurry (50% [v/v]) IgG-agarose beads (Sigma) for 2 h at 4°C. The beads were washed four times for 15 min at 4°C with buffer C (20 mM Tris-HCl [pH 8.0], 140 mM KCl, 1.8 mM MgCl 2 , 1 mM DTT, 0.01% NP-40, 10 U/mL RNasin). ALG-1 was released from the beads by incubation with 100 U of TEV protease (Invitrogen) for 90 min at 25°C.
RNA was isolated from the TEV eluates (purified fraction) and from extracts (input) by extraction with the miRVana kit (Ambion) according to the vendor's instructions. RNA was quantified with a Nanodrop device (Witeg AG).
Microarray analysis of mixed-stage populations
RNA isolated from WS4303 and N2 (mock control) animals was analyzed for each IP sample and for each total worm extract sample. Three independent biological replicates have been performed. Long-oligo whole-genome C. elegans arrays, produced by the Genome Sequencing Center at Washington University in St. Louis, were used for analysis of the mixed-stage samples.
Microarray analysis was performed as described in Gerber et al. (2004) with a few adjustments. In brief, equal amounts of a pool of 10 synthetically prepared Arabidopsis thaliana RNAs (Stratagene) were added to each RNA sample prior to labeling and served as a control for the labeling procedure. cDNA was synthesized with amino-allyl dUTP in addition to the four natural dNTPs, using a 1:1 mixture of oligo(dT) and random nonamer primers. cDNAs synthesized from total RNA (12 mg) derived from the extract and 1 mg of affinity-isolated RNA (or up to 50% of the isolated RNA if <2 mg have been isolated) were labeled with Cy3 and Cy5 fluorescent dyes, respectively. The Cy3-and Cy5-labeled cDNA samples were mixed and competitively hybridized to the DNA microarrays mentioned above according to the manufacturer's instructions. Microarrays were scanned with an Axon Instruments Scanner 4200A (Molecular Devices). Scanning parameters were adjusted to similar fluorescent intensities for A. thaliana spots in both channels. Data were collected with the GENEPIX 5.1 Program (Molecular Devices). Spots with abnormal morphology were excluded from further analysis. Arrays were computer normalized by the GENEPIX 5.1 Program (default setting of the program was used: for normalization only oligo probes that had a Cy3-to-Cy5 ratio between 0.1 and 10 were considered) and exported to Acuity 4.0 for further analysis. The data were filtered for signal over background levels greater than three in the channel measuring cDNA from total extract (Cy3 channel), and only features that met these criteria in 80% (= at least 5 out of 6) of the arrays were analyzed further. Log 2 ratios (immunopurified RNA over total RNA from extract) were calculated for each gene. Microarrays generated from WS4303 animals were compared to microarrays generated from N2 mock control animals by a Student's two sample t-test.
Microarray analysis of synchronized late L4 stage worms
Strains WS4303 and WS5041 were used for TAP::ALG-1 IPs. All experiments were conducted in three independent replicates. For each replicate, WS4303 and WS5041 were grown in parallel. 150 ng of TAP::ALG-1 associated RNA isolated from synchronized late L4 animals were sent to the GeneCore facilty in Heidelberg, Germany (http://www.genecore.embl.de/index.cfm), and the microarray data were generated according to their standard protocol (Weinmann et al. 2009) . In brief, 100 ng of RNA were amplified by the MessageAmp aRNA Kit (Ambion) in a two-cycle protocol as recommended by the vendor. Amplified RNA was processed and hybridized with the Gene Chip (Affymetrix) kit according to the manufacturer's instructions. Samples were hybridized to C. elegans Genome arrays from Affymetrix. Microarray data were preprocessed using the rma algorithm of the Bioconductor package affy (Gautier et al. 2004) . To identify transcripts that were specifically enriched by association to TAP::ALG-1 isolated from WS4303 animals compared to WS5041 animals, we performed a two-class paired significance analysis of microarrays (SAM) (Tusher et al. 2001 ).
Microarray analysis of WS4303 total mRNA versus WS5041 total mRNA Total RNA was isolated from the same WS4303 and WS5041 total extracts that was further used for the ALG-1 RIP. Three independent biological replicates were analyzed. Long-oligo wholegenome C. elegans arrays, produced by the Genome Sequencing Center at Washington University in St. Louis, were used for these experiments. Sample preparation and microarray scanning was performed as in the microarray analysis of mixed-stage populations (see above). A total of 10 mg of total RNA was used for cDNA synthesis. WS4303 and WS5041samples were always labeled with the Cy3 and Cy5 dye, respectively. After scanning with an Axon Instruments Scanner 4200A (Molecular Devices), the data was analyzed with MAGMA (Rehrauer et al. 2007) , which is a convenient web interface for preprocessing and differential expression computation using the Bioconductor package limma (Smyth 2005; Supplemental Table S8 ).
The average expression values for all three experimental groups (computationally predicted, bona fide RIP-chip-SRM targets and secondary targets) are exactly in the middle of the dynamic range window of our microarrays (log 2 dynamic range = 8-15.9, mean = 9.7, median = 9.3, log 2 values = 9.8, 10.2, and 10.5, respectively), and therefore, small changes, as we have measured on the protein level, should be accurately captured. Indeed, the RIPchip candidates that turned out to be indirect targets due to the reduced protein abundance in the ''mir-58'' mutants showed a fair and significant correlation between the protein and mRNA abundance changes (R = 0.62, P-value = 0.0105, Pearson correlation) (Fig.  3C) , indicating that the microarrays can capture for the small protein changes measured by SRM corresponding mRNA changes if they are present.
miRNA expression profiling by microarray analysis
Total worm extracts from the same mixed-stage WS4303 and N2 populations were used as in the microarray analysis of mixed-stage populations (see above). Three independent biological replicates of each strain were analyzed. miRNA expression profiling was performed by using custom DNA oligonucleotide arrays as described in Miska et al. (2004) and Lehrbach et al. (2009) . In brief, total RNA was extracted using a standard TRIzol (Invitrogen) protocol. miRNAs were isolated from 5 mg of total RNA using denaturing PAGE and excised from the gel by size selection using 18-to 26-nt markers. The small RNA fraction was then 39 end-labeled using T4 RNA ligase (Fermentas UK) and hybridized to the slides.
miRNA seed enrichment analysis in mixed-stage animals
The data generated by the mixed-stage samples (mRNA and miRNA expression data) were used to investigate the enrichment of miRNA seeds in TAP::ALG-1-associated mRNAs. The analysis was conducted as described in Landthaler et al. (2008) . The 39 UTR sequences were obtained from Mangone et al. (2010) . Briefly, we grouped the miRNAs according to their expression signals on the microarray, the TOP 1 group constituting the seeds of the five most highly expressed miRNAs, TOP 2 the seeds of the next five most highly expressed miRNAs, and TOP 3 the next five most highly expressed seeds (TOP 1-TOP 3, Supplemental Table S13). Our control groups always contained seeds of five C. elegans miRNAs that were not detected in our samples (CTL 1-CTL 3, Supplemental Table S13 ). The density of sites complementary to the miRNA seeds in the 39 UTR of the enriched mRNAs was compared with the density of these motifs in a set of size-matched 39 UTRs of control transcripts that were not enriched in the IP but were expressed in our samples and detected in the total extract. A value of 1 indicates no enrichment of seed complementary sites in the immunopurified mRNAs and would strongly suggest that we did not enrich for bona fide miRNA targets. By performing these analyses repeatedly with random selections of control transcripts, we obtained an estimate of the variance in the calculated enrichment of seed-complementary sites. We compared the enrichment of targets for the most highly expressed miRNAs (TOP 1-TOP 3) to that calculated for random subsets of miRNAs that were not expressed in our C. elegans samples (CTL 1-CTL 3) (Landthaler et al. 2008) . We defined mRNAs significantly enriched in our IPs and, therefore, as potential miRNA targets when they fulfilled certain P-value cutoffs and also certain signal-to-noise ratio cutoffs in the Cy5 channel (immunopurified mRNAs) of the microarrays. Different cutoffs were applied to define the targets and tested for the seed enrichment.
Bantam/miR-58 target enrichment analysis
The RIP-chip data generated from the WS4031 (''wild type'') and WS5041 (''mir-58'') samples were used (see above) to investigate the enrichment of bantam/miR-58 targets in TAP::ALG-1-associated mRNAs from WS4031 animals when compared to WS5041 animals. 39 UTR sequences for C. elegans were obtained from Mangone et al. (2010) . For all 39 UTRs, the occurrences of either the 7-mer ''CGATCTC'' or ''GATCTCA'' (complementary miR-58 seed binding sites) were counted, with either a perfect match or one mismatch being allowed. We determined the distribution of these potential bantam/miR-58 seed binding sites for all genes either depleted (log 2 RIP ''mir-58''/''wild type'' < 0) or enriched (log 2 RIP ''mir-58''/''wild type'' > 0) in ''mir-58'' RIPs. Moreover, we determined the distribution of these potential bantam/miR-58 seed binding sites among genes that were either significantly depleted or enriched in the ''mir-58'' RIPs (FDR < 5%, SAM).
Mass spectrometry
Sample preparation, SRM measurements, and analysis by mProphet (Reiter et al. 2011 ) were exactly performed as described in Jovanovic et al. (2010) . The only difference was that not only SRM assays and quantifications of peptides of the random group of proteins and of TargetScan predicted proteins were measured and analyzed but also of the group of RIP-chip candidates (see Supplemental Table S6 ). The list of peptides that were ordered for SRM assay development and the SRM transition list used for quantifications are available in Supplemental Tables S14 and S15, respectively.
Statistical analysis of the protein changes of the RIP-chip candidates
We used an F-test to compare the protein response of all the RIPchip candidates together, the up-regulated and down-regulated ones, to the random control group upon miR-58 knockdown. We did an F-test because when we compared the cumulative fraction plots of the whole RIP-chip group with the random control group, we noticed that the means of both groups are very similar (mean log 2 protein mir-58/wt [RIP-chip] = 0.033, mean log 2 protein mir-58/wt [random] = 0.071), but the RIP-chip candidates showed stronger (both up-and down-regulated candidates) protein changes. This finding is also reflected by the substantially higher standard deviations of the RIP-chip candidates compared to the random control group (standard deviation log 2 protein mir-58/wt [RIP-chip] = 0.49, standard deviation log 2 protein mir-58/wt [random] = 0.17). A KS test (goodness of fit, where the null hypothesis is a normal distribution) further indicated that the log 2 ratio changes in both groups are most likely normally distributed (P-value [RIP-chip group] = 0.63, P-value [random group] = 0.78). Therefore, we applied an F-test to show that the standard deviations of the protein responses of the RIP-chip candidates were significantly different from the random group upon miR-58 deletion (in other words, the RIP-chip candidates show stronger protein responses [up-and down-regulated] upon miR-58 knockout than the random control group), as it is a well-established and very sensitive statistical test to compare standard deviations of normal distribution.
Bantam/miR-58 seed binding site analysis for all SRM-quantified candidates 39 UTR sequences for C. elegans were obtained from Mangone et al. (2010) (Supplemental Table S10 ). For C. briggsae, 39 UTR sequences, defined as the first 250 bp downstream from the gene, were downloaded from WormMart (WormBase.org, release 215; Supplemental Table S11 ). Orthology information was also downloaded from WormMart (WormBase.org, release 215). For all 39 UTRs, the occurrences of either the 7-mer ''CGATCTC'' or ''GATCTCA'' (complementary miR-58 seed binding sites) were counted, with either a perfect match or one mismatch being allowed. Frequencies per 100 bp were calculated based on the length of 39 UTR sequences.
GO term assignment analysis
The Gene Ontology website (http://www.geneontology.org/) was used for GO term assignments for all up-regulated RIP-chip-SRM targets as well as for background distributions (the whole C. elegans genome). The P-values were determined by hypergeometric distribution and were subsequently Bonferroni-corrected.
Data access
Array data have been submitted to the NCBI Gene Expression Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE32944.
